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Among Shiga toxin (Stx)–producing Escherichia coli 
(STEC) O157:H7 strains, those producing Stx2a cause 
more severe diseases. Atypical STEC O157:H7 strains 
showing a β-glucuronidase–positive phenotype (GP STEC 
O157:H7) have rarely been isolated from humans, mostly 
from persons with asymptomatic or mild infections; Stx2a-
producing strains have not been reported. We isolated, from 
a patient with bloody diarrhea, a GP STEC O157:H7 strain 
(PV15-279) that produces Stx2a in addition to Stx1a and 
Stx2c. Genomic comparison with other STEC O157 strains 
revealed that PV15-279 recently emerged from the stx1a/
stx2c-positive GP STEC O157:H7 clone circulating in Ja-
pan. Major virulence genes are shared between typical 
(β-glucuronidase–negative) and GP STEC O157:H7 strains, 
and the Stx2-producing ability of PV15-279 is comparable 
to that of typical STEC O157:H7 strains; therefore, PV15-
279 presents a virulence potential similar to that of typical 
STEC O157:H7. This study reveals the importance of GP 
O157:H7 as a source of highly pathogenic STEC clones.

Shiga toxin (Stx)–producing Escherichia coli (STEC) 
with the serotype O157:H7 is characterized by the pos-

session of stx gene(s), the locus of enterocyte effacement 
(LEE) –encoded type 3 secretion system (T3SS), and a large 
virulence plasmid (pO157) that encodes enterohemolysin 
and other virulence factors, such as catalase-peroxidase 
KatP, a type II secretion system, and the protease EspP 
(1). Non–sorbitol-fermenting (NSF) and β-glucuronidase–
negative (GN) STEC O157:H7 (hereafter referred to as 
typical STEC O157:H7), the major clone among currently  

circulating STEC O157:H7 strains, frequently causes large 
outbreaks of severe enteric infections, including diarrhea, 
hemorrhagic colitis, and hemolytic uremic syndrome. Stxs 
are classified as Stx1 or Stx2; Stx1 currently includes 3 sub-
types (stx1a, stx1c, and stx1d) and Stx2 includes 7 subtypes 
(stx2a to stx2g) (2). The stx genes are encoded by lambda-
like phages and have been acquired by STEC strains through 
phage transduction (3). Typical STEC O157:H7 produces 
Stx1a, Stx2a, and Stx2c, either alone or in combination. 
Stx2a-producing strains cause more severe infections than 
do Stx1a-producing strains (4). In addition, the levels of 
Stx2 production among the STEC O157:H7 strains carrying 
stx2c, but not stx2a, are typically very low (5–7).

According to the stepwise evolution model (8,9), 
STEC O157:H7 evolved from ancestral enteropathogen-
ic E. coli (EPEC) O55:H7 (sorbitol-fermenting [SF] and 
β-glucuronidase–positive [GP]; clonal complex [CC] A1) 
through sequential acquisitions of virulence factors and phe-
notypic traits along with a serotype change (Figure 1). Two 
phenotypic variants of STEC O157 are known: SF/GP STEC 
O157:H– (nonmotile) (CC A4), known as the German clone 
(SF STEC O157:H–), and NSF/GP STEC O157:H7 (CC A5) 
(GP STEC O157:H7). Both variants are postulated to have 
emerged from a hypothetical intermediate, CC A3; typical 
STEC O157:H7 (CC A6) has further emerged from CC A5.

SF STEC O157:H– strains are usually stx2a positive 
(10); like typical STEC O157:H7, they have caused many 
outbreaks and sporadic cases of hemolytic uremic syn-
drome in Germany and other countries in Europe. There-
fore, this clone is generally thought to be highly pathogenic 
(11–13). In contrast, although GP STEC O157:H7 strains 
have been reported to carry both stx1 and stx2 or only stx2 
(14–16), strains producing the Stx2a subtype have not been 
described. Although GP STEC O157:H7 was first isolat-
ed from a patient with bloody diarrhea in 1994 (14), this 
variant has rarely been isolated from humans. Moreover,  
human isolates obtained to date have generally been isolat-
ed from patients with asymptomatic or mild infections (16). 
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The genomic information available for GP STEC O157:H7 
is also limited to strain G5101 (9,17) and 4 strains in pub-
lic databases. Thus, the virulence potential of GP STEC 
O157:H7 remains to be fully elucidated.

In this study, we isolated a GP STEC O157:H7 strain 
that produces Stx2a, in addition to Stx1a and Stx2c, from 
a patient with bloody diarrhea in Japan and determined its 
complete genome sequence. To reveal the genomic fea-
tures of the Stx2a-producing strain, we determined the draft 
genome sequences of an additional 13 GP STEC O157:H7 
isolates, which are all Stx2a negative but Stx1a/Stx2c (or 
Stx2c) positive, and performed fine phylogenetic and ge-
nomic comparisons of these GP STEC O157:H7 strains 
with typical STEC O157:H7 and SF STEC O157:H– 
strains. We also analyzed the Stx production levels of GP 
STEC O157:H7 strains.

Methods

Bacterial Strains
The strains used in this study are listed in online Tech-
nical Appendix Table 1 (http://wwwnc.cdc.gov/EID/
article/24/12/18-0404-Techapp1.pdf). The GP STEC 
O157:H7 strain PV15-279 was isolated from an adult pa-
tient in Japan who was hospitalized in 2015 with severe 
symptoms, including bloody diarrhea. The other 13 GP 
STEC O157:H7 strains sequenced in this study were isolat-
ed in Japan during 1988–2013 from humans with or with-
out symptoms. We obtained genome sequence information 
for 3 E. coli O55:H7 (18–20), 2 SF STEC O157:H–, 14 
typical STEC O157:H7 (21–26), and 2 GP STEC O157:H7 
strains (17) from public databases.

Subtyping of stx Genes
We performed in silico subtyping of stx1 and stx2 
in all strains analyzed in this study. We used blastn  

(https://blast.ncbi.nlm.nih.gov/Blast; >99% identity and 
>99% coverage) for comparisons with previously report-
ed reference sequences (2).

Genome Sequencing, Assembly, and Annotation
We determined the complete genome sequence of PV15-
279 using PacBio reads obtained with an RS II system 
(PacBio, Menlo Park, CA, USA). We assembled the reads 
with Canu version 1.5 (27) and circularized them using 
Circlator (28). We obtained Illumina paired-end reads 
(300 bp × 2) with a MiSeq sequencer (Illumina, San Di-
ego, CA, USA) and mapped them to the assembly using 
the Burrows-Wheeler aligner (29) for sequence-error cor-
rection with Pilon (30). We completed further corrections 
to the sequences corresponding to Stx phage regions using 
MiSeq reads obtained by sequencing long-range PCR prod-
ucts covering each Stx phage. We performed annotations 
with the DDBJ Fast Annotation and Submission Tool (31), 
followed by manual curation using the IMC-GE software 
(In Silico Biology, Kanagawa, Japan).

We obtained the draft genome sequences of 13 GP 
STEC O157:H7 strains by assembling Illumina paired-end 
reads using Platanus (32). The Illumina reads for strain 
LB473017, for which the only read data available were 
from public databases, were also assembled with Platanus.

The genome sequences of PV15-279 and the 13 GP 
STEC O157:H7 strains have been deposited in DDBJ/
EMBL/GenBank under the Bioproject accession numbers 
PRJDB6584 and PRJDB6498, respectively. The accession 
numbers of each sample, including the reference data, are 
listed in online Technical Appendix Table 1.

Single-Nucleotide Polymorphism Detection and  
Phylogenetic Analysis
We performed single-nucleotide polymorphism (SNP) de-
tection and phylogenetic analyses as described previously 

Figure 1. Schematic illustrating 
model of the stepwise evolution 
of STEC O157. The proposed 
stepwise evolution model of 
STEC O157 was schematically 
illustrated according to previous 
reports (8,9). Clonal complexes 
(CCs) A1 to A6 are indicated, 
along with phenotypic changes, 
antigen shifts, and acquisitions of 
Stx phages and pO157. Squares 
indicate contemporary circulating 
STEC O157 clones. EPEC, 
enteropathogenic E. coli; GP, 
β-glucuronidase–positive; NSF, 
non–sorbitol-fermenting; SF, 
sorbitol-fermenting; STEC, Shiga 
toxin–producing E. coli.
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(33). The genome sequences to be examined were aligned 
with the phage- and insertion sequence (IS)–masked chro-
mosome sequence of the STEC O157:H7 strain Sakai (22) 
using MUMmer (34) to identify conserved regions (cutoff 
thresholds >98% sequence identity and >1,000-bp align-
ment length) in each strain and the SNP sites located there-
in. We then determined the core genome sequence that was 
conserved in all strains examined. Only SNPs located in 
the core genome were subjected to further analysis. After 
reconstructing the genome sequences of each strain using 
the SNPs and removing recombinogenic SNP sites using 
Gubbins (35), we constructed a maximum-likelihood phy-
logenetic tree using RAxML (36) with the general time-
reversible plus gamma model of nucleotide substitution 
and 500 bootstrap replicates. The tree was displayed and 
annotated using iTOL (37).

Repertoire Analysis of Genes Encoding T3SS Effectors 
and Plasmid-Encoded Virulence Factors
We analyzed the conservation of genes encoding T3SS ef-
fectors and plasmid-encoded virulence factors with blastn 
(>90% identity and >30% coverage). All intact effector 
genes and plasmid virulence genes identified in strains 
Sakai and PV15-279 were clustered using CD-HIT (38) at 
>90% identity and >30% alignment coverage of the lon-
ger sequences, and representative sequences of each cluster 
were used to create a database for blastn analysis.

Stx Phage Sequencing
We determined the complete sequences of the Stx1a and 
Stx2c phages from strain 980938 (from an asymptomatic 
carrier) and the Stx2c phage from strain 981447 (from a 
patient with bloody diarrhea) as described previously (39). 
We constructed fosmid libraries of the 2 strains using a 
CopyControl fosmid library production kit (Epicenter Bio-
technologies, Madison, WI, USA). We screened the stx1- 
or stx2-containing clones using PCR and sequenced them 
by the shotgun sequencing strategy using an ABI3730 se-
quencer (Applied Biosystems, Foster City, CA, USA).

Stx Production Assay
We inoculated bacterial cells into 40 mL of CAYE broth 
(Merck, Darmstadt, Germany) and grew them to mid-log 
phase at 37°C with shaking. We then added mitomycin C 
(MMC) to the culture at a final concentration of 500 ng/
mL. After MMC addition, we collected 100 µL of the cul-
ture every hour and immediately subjected it to sonication 
using a Bioruptor (Cosmo Bio, Tokyo, Japan). We obtained 
the soluble fractions of each cell lysate via centrifugation 
at 14,000 × g for 10 min at 4°C. We determined Stx1 and 
Stx2 concentrations in each cell lysate using a previously 
described sandwich ELISA (40). We captured Stx using 
RIDASCREEN Verotoxin microtiter plates (R-Biopharm, 

Darmstadt, Germany) coated with capture antibodies that 
recognize both Stx1 and Stx2. We conjugated monoclo-
nal antibodies against Stx1 and Stx2 (LSBio, Seattle, WA, 
USA) with horseradish peroxidase using the Peroxidase 
Labeling Kit–NH2 (Dojindo, Kumamoto, Japan) and em-
ployed them as detection antibodies. We used reagents sup-
plied in the RIDASCREEN Verotoxin kit for detection. Fi-
nally, we measured the absorbance at 450 nm (A450) using 
Tecan Infinite 200 PRO (Tecan, Männedorf, Switzerland).

Results

Isolation and Genome Sequencing of  
GP O157:H7 Strains
In PV15-279, we detected stx2a in addition to stx1a and 
stx2c (online Technical Appendix Table 1). Determination 
of the complete genome sequence of PV15-279 revealed 
that the genome consisted of a 5,598,151-bp chromosome 
and a 94,391-bp plasmid. The draft genome sequences of 13 
additional GP STEC O157:H7 strains were also determined 
for comparison (online Technical Appendix Table 1). These 
strains were all stx1a/stx2c-positive and stx2a-negative. The 
uidA gene, which encodes β-glucuronidase, was intact in all 
the GP STEC O157:H7 strains sequenced in this study, as 
well as in 2 GP STEC O157:H7 strains whose draft genome 
sequences were publicly available (online Technical Appen-
dix Table 1). In typical STEC O157:H7, uidA has been inac-
tivated by a frameshift mutation (41).

Comparisons of General Genomic Features and  
Mobile Genetic Elements
Although the chromosome of PV15-279 was ≈100 kb 
larger than that of the typical GP STEC O157:H7 strain 
Sakai (Table and online Technical Appendix Figure 1), the 
chromosome backbone was highly conserved; 97.2% of 
 
Table. General genomic features of the -glucuronidase–positive 
STEC O157:H7 strain PV15-279 from Japan and the typical 
STEC O157:H7 strain Sakai* 
Feature PV15-279 Sakai 
Chromosome 
 Length, bp 5,598,152 5,498,578 
 CDSs (pseudogenes) 5,295 (107) 5,202 (122) 
 rRNA operons 7 7 
 tRNAs 108 104 
 Prophages 22 18 
 Integrative elements 5 6 
 IS elements 80 65 
Plasmid pO157 
 Length, bp 94,391 92,722 
 CDSs (pseudogenes) 95 (0) 90 (8) 
 IS elements 11 8 
Plasmid pOSAK1 
 Length, bp NA 3,306 
 CDSs (pseudogenes) NA 3 (0) 
Total genome size, kb 5,692,969 5,591,300 
*CDS, coding sequence; IS, insertion sequence; NA, not available; STEC, 
Shiga toxin–producing Escherichia coli. 
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the coding sequences (CDSs) identified in Sakai were con-
served in PV15-279. Among the various types of mobile 
genetic elements (MGEs), integrative elements (defined as 
elements that contain an integrase gene but no other MGE-
related genes) were well conserved and showed only minor 
variations. Among the 5 integrative elements identified in 
Sakai, 1 small element (SpLE2) was missing in PV15-279, 
and multiple small structural variations were observed in 
3 elements (online Technical Appendix Table 2, Figure 
2, panel B). In contrast, the prophage contents exhibited 
notable differences. PV15-279 contained 22 prophages, 
whereas Sakai contained 18 prophages. This difference is 
attributable mainly to the difference in chromosome sizes 
between the 2 strains. Although most of the integration 
sites used by Sakai prophages (13/16) are also used by 
PV15-279 prophages (online Technical Appendix Table 2, 
Figure 2, panel A), in most instances prophages that had 
integrated into the same site showed notable variations be-
tween the 2 strains, suggesting the existence of different 
evolutionary histories. Furthermore, PV15-279 carried as 
many as 4 Stx phages: 1 Stx1a phage, 2 Stx2a phages, and 1 
Stx2c phage (online Technical Appendix Figure 1). In con-
trast, Sakai carries 1 Stx1a phage and 1 Stx2a phage (see 
subsequent sections for a comparison of these phages with 
Stx phages from various STEC O157:H7 strains). Surpris-
ingly, 1 of the 2 Stx2a phages (PV15p10) was integrated 
together with 3 prophages at the ydfJ locus in PV15-279 

in tandem (online Technical Appendix Table 2, Figure 1, 
Figure 2, panel A).

The repertoires and total copy numbers of IS elements 
also exhibited notable differences (online Technical Ap-
pendix Table 3). Although 24 types of IS elements were 
identified in Sakai and 18 types were identified in PV15-
279, only 14 were shared by the 2 strains. A greater number 
of total copies of IS elements was detected in PV15-279 
(91, compared with 73 in Sakai), primarily because of the 
proliferation of IS1203 (also annotated as IS629) in PV15-
279. The virulence plasmid pO157 also showed notable 
differences, as described in the next section.

Phylogenetic Characterization of GP  
STEC O157:H7 Strains
To determine the precise phylogenetic position of PV15-279 
in STEC O157, we performed high-resolution phylogenetic 
analysis using the genome sequences of various typical and 
atypical STEC O157 strains (Figure 2). The results clearly 
indicate that PV15-279 formed a distinct cluster with all oth-
er GP STEC O157:H7 strains, including 2 US isolates, and is 
a strain that recently emerged from the stx1a/stx2c-positive 
clone circulating in Japan. The phylogenetic relationship of 
this cluster with other STEC O157 lineages was concordant 
with the stepwise evolution model (Figure 1).

In our phylogenetic tree, the GP STEC O157:H7 
strains were relatively clonal compared with the typical  

Figure 2. Whole-genome sequence-based phylogenetic analysis and repertoires of T3SS effectors and plasmid-encoding virulence factors 
from the study of Stx-producing E. coli O157:H7. The genome sequences of all the strains used in this study were aligned with the complete 
chromosome sequence of Sakai, and the single-nucleotide polymorphisms located in the 4,074,209-bp backbone sequence that were 
conserved in all the test strains were identified. After removing the recombinogenic single-nucleotide polymorphisms sites, we performed a 
concatenated alignment of 5,803 informative sites to generate the maximum-likelihood phylogeny. The conservation of T3SS effectors and 
plasmid-encoding virulence factors is shown in the tree. Colored boxes indicate the presence, and open boxes the absence, of each gene. GP, 
β-glucuronidase–positive; LEE, locus of enterocyte effacement; SF, sorbitol-fermenting. Scale bars indicate nucleotide substitutions per site.
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STEC O157:H7 strains, although these typical STEC 
O157:H7 strains were selected to represent their cur-
rently known phylogenetic diversity (26) (Figure 2). De-
spite the close phylogenetic relationship between the GP 
STEC O157:H7 strains, only PV15-279 was stx2a-pos-
itive, indicating that PV15-279 acquired stx2a very re-
cently. No stx genes were detected in the publicly avail-
able sequence data for the GP STEC O157:H7 strain 
G5101, although this strain was previously reported to 
contain stx1 and stx2 (14).

Distribution of T3SS Effectors in the  
GP O157:H7 Lineage
In addition to 5 LEE-encoded T3SS effectors, 18 fami-
lies of effectors are encoded at non-LEE genomic loci 
(non-LEE effectors) in Sakai (42). In PV15-279, we 
identified most of the effector families found in Sakai 
(online Technical Appendix Table 4). The major dif-
ferences were the absence of nleF in PV15-279 and the 
presence of ospB and ospG in PV15-279, both of which 
are absent in Sakai. After subgrouping the 4 effector 
families (espM, espN, espO, and nleG) into 2–5 sub-
groups based on their sequence diversity, we analyzed 
the effector repertoires of the STEC O157 isolates used 
in the phylogenetic analysis (Figure 2). This analysis 
revealed that the effectors identified in PV15-279 were 
mostly conserved in other GP STEC O157:H7 strains, 
although some variations were detected.

Virulence Plasmid pO157 of GP O157:H7 Lineage 
The pO157 plasmid of PV15-279 was nearly identical to 
the plasmid from the GP STEC O157:H7 strain G5101 
(43), with several small variations that were apparently 
generated by mechanisms involving IS (online Techni-
cal Appendix Figure 3). The plasmid-encoded virulence 
genes identified in PV15-279 were well conserved in oth-
er GP STEC O157:H7 strains, except for 3 strains from 
which pO157 has apparently been deleted (Figure 2). It 
is unknown whether this deletion occurred before or after 
strain isolation.

As previously reported (43), the pO157 plasmids from 
GP STEC O157:H7 showed high similarity to those from 
typical STEC O157:H7 and SF STEC O157:H–. Thus, a 
pO157-like plasmid was likely acquired by the common 
ancestor of the 3 STEC O157 lineages. A notable difference 
between the pO157 plasmids of the 3 STEC O157 lineages 
was the distribution of katP and espP. These genes were 
detected only in typical STEC O157:H7 strains, suggesting 
that these genes may have been specifically acquired by the 
typical STEC O157:H7 lineage. Although the roles of katP 
and espP in STEC virulence in humans have not yet been 
elucidated, at least the SF STEC O157:H– strain causes se-
vere infections even without these genes.

Stx Phages of GP STEC O157:H7 
As shown in Figure 3, we performed fine genomic com-
parisons of the Stx phages from PV15-279 with the Stx1a, 
Stx2a, and Stx2c phages from other STEC O157:H7 strains 
used in the phylogenetic analysis shown in Figure 2 (phag-
es were included only when complete sequences were 
available). The Stx1a and Stx2c phages of the GP STEC 
O157:H7 strain 980938 and the Stx2c phage of the GP 
STEC O157:H7 strain 981447 were sequenced individu-
ally and included in the analysis.

Stx1a phages were integrated in sbcB in the 2 GP STEC 
O157:H7 strains but were integrated in yehV or argW in 
typical STEC O157:H7 strains. According to the dot plot 
analysis, the 2 Stx1a phages from GP STEC O157:H7 
were nearly identical (Figure 3). The phages from typical 
STEC O157:H7 strains were classified into 3 groups based 
on sequence similarity. The Stx1a phages from GP STEC 
O157:H7 showed various levels of sequence similarity to 
each group. The highest similarity was observed for the 3 
phages integrated in yehV, but a clear difference was ob-
served in the early region.

The 2 Stx2a phages from PV15-279 that integrated in 
yecE and ydfJ were nearly identical (only 2 SNPs), indicat-
ing that these phages were recently duplicated in this strain. 
With 1 exception (the phage from strain 155), the Stx2a 
phages from the typical STEC O157:H7 strains analyzed in 
this study were integrated in either wrbA or argW, and all 
shared a similar genomic structure, although considerable 
variations were observed in the early region, as reported 
previously (7). The Stx2a phages from PV15-279 exhibited 
a genetic structure similar to that of strain 155, which was 
also integrated in yecE. However, those phages showed 
high sequence similarity only in limited regions.

The Stx2c phages from GP STEC O157:H7 strains 
(all integrated in yehV) were nearly identical, showing only 
minor variations, such as IS integration. The Stx2c phages 
from typical STEC O157:H7 strains, which were all inte-
grated in sbcB, also exhibited very similar genomic struc-
tures and sequences. Although notable sequence similarity 
was observed between the Stx2c phages from GP STEC 
O157:H7 and typical STEC O157:H7, the early regions 
were very different.

Stx Production by GP STEC O157:H7 Strains
Stx1 production is partially dependent on phage induction, 
whereas Stx2 production is strongly dependent on phage 
induction (44–46). We compared Stx production levels 
between GP STEC O157:H7 and typical STEC O157:H7 
using MMC as a phage induction agent; we analyzed 
Stx1 and Stx2 production by representative strains of the 
2 lineages (PV15-279, 981447, and 980938 for GP STEC 
O157:H7; Sakai and EDL933 for typical STEC O157:H7). 
MMC exhibited different levels of effectiveness in phage 
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Figure 3. Genome comparisons of Stx phages from the study of Stx-producing E. coli O157:H7. The results of the comparison of the 
genome structure (left) and dot-plot sequence comparisons (right) of the Stx phages are shown. Sequence identities are indicated by 
different colors. In the dot-plot matrices, phages integrated in the same integration sites are highlighted by gray shading and colored 
frames. GP,  β-glucuronidase–positive; IS, insertion sequence.
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induction in each strain, and clear cell lysis (a clear reduc-
tion in OD600 values) was observed only in EDL933 and 
PV15-279 (Figure 4, panel A).

Consistent with a previous report (47), the Stx1 con-
centration was not notably elevated by phage induction in 
any of the strains, and no clear difference was observed be-
tween the GP STEC O157:H7 and typical STEC O157:H7 
strains (Figure 4, panel B). In contrast, levels of Stx2 pro-
duction were highly variable, as previously shown for typi-
cal STEC O157:H7 strains (7). Although Stx2 production 
was poorly induced in 2 GP STEC O157:H7 strains carry-
ing stx2c alone, it was strongly induced in the stx2a-positive 
PV15-279 and typical STEC O157:H7 strains (Figure 4, 
panel C). Therefore, stx2a was strongly induced in PV15-
279, as in typical STEC O157:H7, but stx2c was poorly 
induced in PV15-279, as in the other GP STEC O157:H7 
strains. The level of Stx2 production by PV15-279 was 
comparable to that of typical STEC O157:H7 strains and 
similar to that of the Sakai strain.

Discussion
In this study, we isolated a GP STEC O157:H7 strain 
(PV15-279) that produces Stx2a in addition to Stx1a and 
Stx2c. The whole-genome sequence-based phylogenetic 
analysis, which included additional GP STEC O157:H7 
strains and representative strains belonging to other E. 
coli O55/O157 lineages, revealed that PV15-279 recently 
emerged by the acquisition of Stx2a phage from the stx1a/
stx2c-positive GP STEC O157:H7 clone circulating in Ja-
pan (Figure 2). Most of the major virulence genes identified 
in typical STEC O157:H7, such as T3SS effector genes and 
plasmid-encoded virulence genes, were well conserved in 

PV15-279 and other GP STEC O157:H7 strains, although 
some variations were detected (Figure 2). Moreover, the 
ability of PV15-279 to produce Stx2a was comparable to 
that of typical STEC O157:H7 (Figure 4). These findings 
suggest that PV15-279 presents a virulence potential simi-
lar to that of typical STEC O157:H7. In fact, PV15-279 
was isolated from a patient who had severe enteric symp-
toms, including bloody diarrhea. However, further investi-
gations are necessary to determine how the variations in the 
virulence gene repertoire detected in the comparison with 
other STEC O157 lineages affect the potential virulence of 
GP STEC O157:H7. The repertoires of the minor virulence 
genes of GP STEC O157:H7 must also be investigated.

We also obtained several noteworthy findings con-
cerning the evolution of GP O157:H7 in this study. For 
example, fine genomic comparisons of Stx phages revealed 
that Stx phages differ notably between GP STEC O157:H7 
and typical STEC O157:H7 (Figure 3). Although many 
of these variations may have been generated through ex-
tensive recombination with various resident or incoming 
phages (48), the acquisition of the Stx2a phage by the GP 
STEC O157:H7 strain PV15-279 was apparently an inde-
pendent genetic event. The clear differences in the genetic 
structure, sequence, and integration sites of Stx2c phages 
between GP and typical STEC O157:H7 may suggest that 
Stx2c phages were also acquired independently by the 2 
lineages after they separated. In contrast, the similar genet-
ic structures and sequences of the pO157 plasmids from GP 
and typical STEC O157:H7 and SF STEC O157:H– sug-
gest that a pO157-like plasmid might have been acquired 
by their common ancestor. Although more extensive stud-
ies are needed to obtain a complete understanding of these  

Figure 4. Lysis curves and levels of Stx produced by STEC O157:H7 strains after MMC treatment in study of Stx-producing E. coli. The 
lysis curves (A) and levels of Stx1 (B) and Stx2 (C) production by 5 STEC O157:H7 strains after the MMC treatment are shown. After 
the addition of MMC, the OD600 of each strain was measured every hour for 8 hours, and 100 µL of the culture was collected at each 
time point. Cell lysates were prepared, and the Stx1 and Stx2 concentrations in the soluble fractions were analyzed using a sandwich 
ELISA. All experiments were performed 3 times, and the averages and SEs of the Stx1 and Stx2 concentrations in each sample 
are plotted. Strains Sakai and EDL933 belong to typical STEC O157:H7, and the other 3 strains belong to GP STEC O157:H7. GP, 
β-glucuronidase–positive; MMC, mitomycin C; OD, optical density; STEC, Stx-producing E. coli.
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issues, only a limited number of SF STEC O157:H– ge-
nome sequences and no complete sequences of the Stx 
phages of this lineage are currently available. The avail-
able genome sequence information of GP STEC O157:H7 
is also highly biased toward Japanese isolates.

In conclusion, we isolated a Stx2a-producing GP 
STEC O157:H7 strain that emerged from the stx1a/stx2c-
positive GP STEC O157:H7 clone circulating in Japan; the 
virulence potential of this isolate is similar to that of typi-
cal STEC O157:H7. Researchers should pay more atten-
tion to this less commonly reported STEC O157 lineage, 
particularly the spread of this Stx2a-producing GP STEC 
O157:H7 clone and the emergence of additional stx2a-
positive clones. Larger-scale genomic analyses including 
more GP STEC O157:H7 strains from various geographic 
regions and more SF STEC O157:H– strains are required to 
obtain a better understanding of the evolution and genomic 
diversity of GP O157:H7.
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Technical Appendix Table 1. E. coli strains used in this study 

Strain Serotype GUD stx Type 

Isolation 

Host Patient symptoms 

Genome 
sequence 

status 

Genome size or 
total scaffold 

length, bp 
No.  

scaffolds 
GenBank 

accession no. Reference Year Country 

Dec5d O55:H7 + negative 1965 Sri Lanka Humans Diarrhea Draft 5,231,963 48 AIFT00000000 (1) 
CB9615 O55:H7 + negative 2003 Germany Humans Diarrhea Complete 5,452,353 2 CP001846, 

CP001847 
(2) 

122262 O55:H7 + stx2a 2014 UK Humans NA (Dorset outbreak 
isolate) 

Draft 5,431,378 15 NZ_MINC00000
000 

(3) 

493/89 O157:H- + stx2a 1989 Germany Humans HUS Draft 5,359,584 351 AGTG00000000 Only 
sequence 

data 
available 

LB473017 O157:H- + stx2a 2016 Germany Humans NA (HUS outbreak 
isolate) 

Draft 5,444,136 211 ERR1989145 Only 
sequence 

data 
available 

Sakai O157:H7 – stx1a+stx2a 1996 Japan Humans NA (Sakai outbreak 
isolate) 

Complete 5,591,300 3 BA000007.3, 
AP018692 

(4) 

EDL933 O157:H7 – stx1a+stx2a 1982 USA Humans NA (hamburger 
outbreak isolate) 

Complete 5,639,399 2 CP008957, 
CP008958 

(5) 

EC4115 O157:H7 – stx2a+stx2c 2006 USA Humans NA (Spinach  
outbreak isolate) 

Complete 5,704,171 3 CP001164, 
CP001163 

(6) 

TW14359 O157:H7 – stx2a+stx2c 2006 USA Humans NA (Spinach  
outbreak isolate) 

Complete 5,622,737 2 CP001368, 
CP001369 

(7) 

SS52 O157:H7 – stx2a+stx2c 2010 USA Cattle NA Complete 5,583,430 2 CP010304, 
CP010305 

(8) 

155 O157:H7 – stx2a 2012 UK Humans NA Complete 5,604,428 2 CP018237, 
CP018238 

(9) 

180-PT57 O157:H7 – stx1a+stx2c 2012 UK Humans Diarrhea Complete 5,750,190 2 CP015832, 
CP015832 

(9) 

272 O157:H7 – stx2a 2013 UK Humans NA Complete 5,568,363 2 CP018239, 
CP018239 

(9) 

319 O157:H7 – stx1a 2012 UK Humans NA Complete 5,567,385 2 CP018241, 
CP018241 

(9) 
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Strain Serotype GUD stx Type 

Isolation 

Host Patient symptoms 

Genome 
sequence 

status 

Genome size or 
total scaffold 

length, bp 
No.  

scaffolds 
GenBank 

accession no. Reference Year Country 
350 O157:H7 – stx1a+stx2c 2011 UK Humans NA Complete 5,504,345 2 CP018243, 

CP018244 
(9) 

472 O157:H7 – stx1a+stx2c 2012 UK Humans NA Complete 5,608,872 2 CP018245, 
CP018246 

(9) 

7784 O157:H7 – stx2c 2002 UK Cattle NA Complete 5,462,063 2 CP018247, 
CP018248 

(9) 

9000 O157:H7 – stx2a+stx2c 2002 UK Cattle NA Complete 5,611,726 2 CP018252, 
CP018253 

(9) 

10671 O157:H7 – stx2c 2002 UK Cattle NA Complete 5,520,540 2 CP018250, 
CP018251 

(9) 

10.0869 O157:H7 + stx2c 2010 USA Cow NA Draft 5,267,107 257 AMTL01000000 Only 
sequence 

data 
available 

G5101 O157:H7 + stx1a+stx2c* 1995 USA Humans Bloody diarrhea Draft 5,061,556 217 NZ_AETX01000
000 

(10) 

PV15-279 O157:H7 + stx1a+stx2a+
stx2c 

2015 Japan Humans Abdominal pain, 
vomiting, bloody 

diarrhea 

Complete (this 
study) 

5,692,637 2 AP018488, 
AP018489 

This study 

980938 O157:H7 + stx1a+stx2c 1998 Japan Humans Asymptomatic carrier Draft (this 
study) 

5,326,010 239 BFBK01000000 This study 

981447 O157:H7 + stx1a+stx2c 1998 Japan Humans Abdominal pain, 
bloody diarrhea 

Draft (this 
study) 

5,353,000 222 BFBL01000000 This study 

11278 O157:H7 + stx1a+stx2c 1996 Japan Humans Symptomatic patient, 
details unknown 

Draft (this 
study) 

5,345,759 249 BFBC01000000 This study 

11279 O157:H7 + stx1a+stx2c 1996 Japan Humans Symptomatic patient, 
details unknown 

Draft (this 
study) 

5,350,253 254 BFBD01000000 This study 

11280 O157:H7 + stx1a+stx2c 1996 Japan Humans Asymptomatic carrier Draft (this 
study) 

5,351,942 193 BFBE01000000 This study 

11281 O157:H7 + stx1a+stx2c 1996 Japan Humans Symptomatic patient, 
details unknown 

Draft (this 
study) 

5,353,015 244 BFBF01000000 This study 

13548 O157:H7 + stx1a+stx2c 2013 Japan Humans Symptomatic patient, 
details unknown 

Draft (this 
study) 

5,389,595 221 BFBG01000000 This study 

14152 O157:H7 + stx1a+stx2c 1997 Japan Humans Unknown Draft (this 
study) 

5,392,172 228 BFBH01000000 This study 

14153 O157:H7 + stx1a+stx2c 1997 Japan Humans Asymptomatic carrier Draft (this 
study) 

5,358,401 232 BFBI01000000 This study 

14156 O157:H7 + stx1a+stx2c 1997 Japan Humans Symptomatic patient, 
details unkown 

Draft (this 
study) 

5,382,111 226 BFBJ01000000 This study 

PV98-491 O157:H7 + stx1a+stx2c 1998 Japan Humans Abdominal pain, 
bloody diarrhea 

Draft (this 
study) 

5,294,970 343 BFBN01000000 This study 

PV98-623 O157:H7 + stx1a+stx2c 1998 Japan Humans Fever, diarrhea Draft (this 
study) 

5,268,471 203 BFBO01000000 This study 

PV00-061 O157:H7 + stx1a+stx2c 2000 Japan Humans Abdominal pain, 
bloody diarrhea 

Draft (this 
study) 

5,555,028 318 BFBM01000000 This study 

*GP O157:H7 strain G5101 has been reported to be stx1/stx2-positive, but stx genes was not detected by a blastn search in the genome sequence data of this strain obtained from public database. NA, not 
available. 
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Technical Appendix Table 2. Prophages and integrative elements in strains PV15-279 and Sakai and their integration sites and encoding virulence genes 

Prophages 

PV15-279 

Integration site 

Sakai 

ID Length Features Virulence-related genes Virulence-related genes Features Length ID     
tRNA(thrW) 

 
Lambda-like 

phage 
10586 Sp1 

PV15p1 13316 P4-like phage 
  

P4-like phage 12887 Sp2 
PV15p2 21550 Lambda-like phage sfpA, nleB, nleC, nleH, nleD Intergenic (ybhC-ybhB) sfpA, nleB, nleC, nleH, nleD Lambda-like 

phage 
38586 Sp3 

PV15p3 8903 P4-like phage 
 

Intergenic (cspD-clpS) 
    

PV15p4 46445 Lambda-like phage tccp2, espV tRNA(serT) pchA, tccp2, espV Lambda-like 
phage 

49791 Sp4 

    
wrbA stx2a Lambda-like 

phage 
62708 Sp5 

PV15p5 17277 Lambda-like phage espX, espN, espO, espK potB espX, espN, espO, espK Lambda-like 
phage 

48423 Sp6 

PV15p6 10978 Untypeable pchE Intergenic (roxA-phoQ) pchE Untypeable 15461 Sp7 
PV15p7 39433 Lambda-like phage 

 
icd 

 
Lambda-like 

phage 
44388 Sp8 

PV15p8 45257 Lambda-like phage ospG ompW paa, nleA, nleH, nleF, espO, nleG, 
espM, nleG 

Lambda-like 
phage 

58082 Sp9 

- 
   

ttcA nleG, nleG, nleG Lambda-like 
phage 

51155 Sp10 

PV15p9 43822 Lambda-like phage paa, nleG, nleG, nleI ydfJ pchB, nleG, nleG, nleG Lambda-like 
phage 

45778 Sp11 

PV15p10 44098 Lambda-like phage stx2a, nleC nleG, nleG, nleI Lambda-like 
phage 

50939 Sp12 

PV15p11 56336 Lambda-like phage nleG, espM, nleG, nleH, nleA, 
nleG 

    

PV15p12 39692 Lambda-like phage pchB, nleG, nleG, nleG 
    

PV15p13 14645 Untypeable pchE tsqA 
    

PV15p14 44075 Lambda-like phage stx2a, nleC yecE 
    

PV15p15 37482 P2-like phage 
 

tRNA(ileZ) 
 

P2-like phage 21120 Sp13 
PV15p16 44636 Lambda-like phage pchC, tccP, espJ tRNA(serU) pchC, tccP, espJ Lambda-like 

phage 
44028 Sp14 

PV15p17 54660 Lambda-like phage stx1a, ospB, nleG sbcB 
    

PV15p18 58338 Lambda-like phage stx2c, espN, nleI yehV(mlrA) stx1a Lambda-like 
phage 

47879 Sp15 

PV15p19 9758 P22-like phage 
 

argW 
 

P22-like 
phage 

8551 Sp16 

PV15p20 11414 Untypeable 
 

eutA 
    

PV15p21 49706 Lambda-like phage nleG, espW, nleG, espM tmRNA(ssrA) espW, nleG, espM lambda-like 
phage 

24193 Sp17 

    
sorM 

 
Mu-like phage 38759 Sp18 

PV15p22 37935 Lambda-like phage pchA, nleG, nleG, nleG dusA 
    

Integrative elements 
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Prophages 

PV15-279 

Integration site 

Sakai 

ID Length Features Virulence-related genes Virulence-related genes Features Length ID 
PV15IE1 79594 

 
Urease operon, tellurium 

resistance operon, iha adhesin 
gene, pchD, aidA-I 

tRNA(serX) Urease operon, tellurium resistance 
operon, iha adhesin gene, pchD, 

aidA-I 

 
86248 SpLE1 

    
yeeX 

  
13459 SpLE2 

PV15IE2 20245 
 

efa1, espL, nleB, nleE pheV efa1, espL, nleB, nleE 
 

23451 SpLE3 
PV15IE3 40984 LEE T3SS machinery, espG, espF, 

espB, tir, map, espH, espZ 
tRNA(serC) T3SS machinery, espG, espF, 

espB, tir, map, espH, espZ 
LEE 43450 SpLE4 

PV15IE4 10216 
  

leuX 
  

10235 SpLE5 
PV15IE5 37911 

    
34148 SpLE6 

 

Technical Appendix Table 3. Summmary of the comparison of insertion sequence (IS) elements between PV15-279 and Sakai 

IS elements 

Copy numbers in 

PV15-279 Sakai 

IS1203 (IS629) 45 23 
ISEc8 19 12 
ISEc1 5 5 
IS30 3 4 
IS100 2 0 
IS1F 2 1 
IS2 2 1 
IS609 2 2 
ISEc31 2 0 
IS1H 1 1 
IS682 1 1 
ISEc13 1 2 
ISEc20 1 0 
ISEc22 1 0 
ISEc26 1 1 
ISEc47 1 1 
ISSfl3 1 1 
ISSd1 0 4 
IS630 0 2 
IS91 0 2 
ISEc23 0 2 
ISEc31 0 2 
IS1414 0 1 
IS911 1 1 
ISCro3 0 1 
ISEc2 0 1 
ISEc48 0 1 
ISEc62 0 1 
Total 91 73 
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Technical Appendix Table 4. Comparison of T3SS effectors encoded by prophages and integrative elements between PV15-279 and Sakai 

Family 

No. genes* 

PV15-279 Sakai 

EspF† 1 1 
EspG† 1 1 
EspH† 1 1 
EspJ 1 1 
EspK 1 1 
EspL 1 1 
EspM 2 2 
EspN 2 1 
EspO 1 2 
EspV 1 (1) 1 (1) 
EspW 1 1 
EspX 1 1 
EspZ† 1 1 
Map† 1 1 
NleA/EspI 1 1 
NleB 3 (1) 3 (1) 
NleC 3 (2) 1 
NleD 1 1 
NleE 1 1 
NleF 0 1 
NleG 16 (9) 14 (6) 
NleH 1 2 
TccP 2 (1) 2 (1) 
OspB 1 0 
OspG 1 0 
Total 46 (14) 42 (9) 
*Numbers of pseudogenes are indicated in parentheses. 
†Encoded by the LEE element. 
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Technical Appendix Figure 1. A circular map of the PV15-279 chromosome is shown. From the outside in: 1st circle, nucleotide sequence 

positions (in Mb); 2nd and 3rd circles, coding sequences (CDSs) transcribed clockwise and counterclockwise, respectively; 4th circle, CDSs 

conserved in Sakai (>90% identity and >50% coverage); 5th circle, locations of prophages (PPs) and integrative elements (IEs) (red: Stx PPs, 

orange: other PPs, brown: IEs); 6th circle, GC skew; 7th circle, GC content; 8th circle, rRNA; 9th circle, tRNA. 
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Technical Appendix Figure 2. Sequence comparisons of all the phages and integrative elements of PV15-279 and Sakai. The dot plot matrices 

of all the phages (A) and integrative elements (B) of PV15-279 and Sakai are shown. Sequence identities are indicated by different colors. Phages 

and elements integrated at the same integration sites are highlighted with gray shading. 
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Technical Appendix Figure 3. Structural comparison of the virulence plasmids of typical O157:H7, SF O157:H–, and GP O157:H7. The 

structures of the virulence plasmids of the typical O157:H7 strain Sakai (GenBank accession no. AB011548), the GP O157:H7 strains PV15-279 

(GenBank accession no. AP018489) and G5101 (GenBank accession no. AETX01000217) and the SF O157:H– strain 3072/96 (GenBank 

accession no. AF401292) are shown. Homologous regions are indicated by shading, and sequence identities are indicated by different colors. 

 

 


